Introduction
Mucin 1 (MUC1) is a heterodimeric transmembrane protein that is expressed at the apical borders of normal secretory epithelial cells. 1 MUC1 consists of an N-terminal ectodomain (MUC1-N) in a cell surface complex with the C-terminal transmembrane subunit (MUC1-C). 1 The MUC1 heterodimer functions in protecting the epithelial layer from stress imposed by the external environment. 1 In contrast to normal epithelial cells, the MUC1 dimeric complex is aberrantly overexpressed in human breast and other cancers. 1, 2 These findings have supported the contention that the physiologic function of MUC1 has been appropriated and subverted by carcinomas to protect them against stressinduced death. In this context, overexpression of the MUC1-C subunit is sufficient to induce transformation and to block stressinduced apoptotic responses. 1, 2 The MUC1-C subunit consists of a 58-amino acid extracellular domain, a transmembrane domain and a 72-amino acid cytoplasmic domain. 1, 2 The MUC1-C extracellular domain associates with galectin-3 and thereby forms complexes with growth factor receptors at the cell surface. 3 In addition, the MUC1-C cytoplasmic domain interacts with effectors, such as phosphoinositide 3-kinase Mucin 1 (MUC1) is a heterodimeric glycoprotein that is aberrantly overexpressed in most human breast cancers. The oncogenic MUC1-C subunit promotes survival and blocks the apoptotic response to genotoxic anticancer agents. In the present studies, human MCF-7 and ZR-75-1 breast cancer cells were treated with the MUC1-C inhibitor, GO-203, a cellpenetrating peptide that blocks MUC1-C homodimerization and thereby its oncogenic function. Treatment with GO-203 was found to promote the apoptotic response of MCF-7 and ZR-75-1 cells to the therapeutic drugs taxol and doxorubicin (DOX). This effect was (1) attenuated by a pan-caspase inhibitor and (2) mediated, at least in part, by activation of the effector caspase-7 and cleavage of the downstream substrate paRp. Further analysis of the interaction between GO-203 and taxol using isobolograms, which evaluate the nature of the interaction of two drugs, demonstrated that the combination is highly synergistic. These results were supported by combination index (CI) analysis with values of less than 1. GO-203 was also highly synergistic with DOX in studies of both MCF-7 and ZR-75-1 breast cancer cells. These findings indicate that blocking MUC1-C function could be effective in combination with taxol and DOX for the treatment of breast cancer.
(PI3K), NF-B and p53, that have been linked to the regulation of cell growth and death. [4] [5] [6] The overexpression of MUC1 in carcinoma cells is associated with the accumulation of MUC1-C homodimers in the cytoplasm and the targeting of this subunit to the nucleus 7-9 and mitochondria. 10, 11 The formation of MUC1-C homodimers is conferred by a CQC motif in the cytoplasmic domain and is necessary for its oncogenic function. 1,2 Accordingly, cell-penetrating peptides and small molecules have been developed to block the MUC1-C CQC motif and thereby the formation of homodimers. [12] [13] [14] The first generation l-amino acid peptide inhibitor, GO-201, was derived from the NH2-terminal region of the MUC1-C cytoplasmic domain that contains the CQC motif and was linked to a poly d-arginine transduction domain. 12 was subsequently converted to a second-generation inhibitor, GO-203, which is shorter and contains all d-amino acids. 14, 15 Importantly, treatment of breast and other types of MUC1expressing carcinoma cells with these peptide MUC1-C inhibitors is associated with (1) disruption of MUC1-C homodimers, (2) inhibition of growth and (3) induction of death, which has predominantly been necrotic. 12, [14] [15] [16] Based on these findings, the MUC1-C inhibitor, GO-203, has entered Phase I evaluation for patients with refractory breast and other carcinomas.
Inhibition of the MUC1-C oncoprotein is synergistic with cytotoxic agents in the treatment of breast cancer cells
results provide an experimental framework for the combination of MUC1-C inhibitors with cytotoxic anticancer agents in the clinic.
Results
Combining the MUC1-C inhibitor GO-203 with taxol and doxorubicin (DOX) in the treatment of MCF-7 breast cancer cells. GO-203 is a d-amino acid cell-penetrating peptide inhibitor of MUC1-C dimerization that contains a poly-Arg transduction domain linked to the CQCRRKN amino acid sequence derived from the MUC1-C cytoplasmic domain ( Fig. 1A) . Treatment of breast and other carcinoma cells with GO-203 is associated with disruption of MUC1-C homodimers and cell death. 14, 15 Consistent with previous studies of MUC1-C inhibitors, 12 analysis of MCF-7 breast cancer cells after treatment with the IC 50 value of GO-203 ( Table 1 ; 5.6 µM) for 72 h demonstrated an accumulation of cells in G 1 and S phases ( Fig. 1B) . GO-203 treatment was also associated with a modest 9% population of apoptotic cells in sub-G 1 phase (Fig. 1B) . By comparison, treatment with taxol at the IC 50 (Table 1; 28 nM) resulted in the arrest of cells in G 2 /M phase and 11% in the sub-G 1 fraction
The overexpression of MUC1-C in breast cancer cells is associated with resistance to death in the response to treatment with diverse cytotoxic chemotherapeutic agents. 4, 5, 10, 17 Taxol and doxorubicin (DOX) are two cytotoxic agents that are commonly used in the treatment of breast cancer. The present studies demonstrate that targeting the MUC1-C subunit in breast cancer cells is highly synergistic with both taxol and DOX. These Determination of IC 50 values. The indicated cells were seeded on 96-well plates at a density of 4,000 cells/well. after 24 h, the cells were exposed to varying concentrations of GO-203 (added every 24 h), taxol or DOX. after incubation for 72 h, viability was determined using the alamar blue viability assay. The percentage of viable cells was determined as compared with that obtained with control untreated cells. The IC 50 (concentration that inhibits viability by 50%) was determined by nonlinear regression of the dose-response data using prism 5.0 for MaC OsX. each experiment was performed in triplicate and repeated three times. The IC 50 value is expressed as the mean ± sD.
sub-G 1 population, respectively (Fig. 3C) . The GO-203/DOX combination further resulted in more than an additive increase in the apoptotic response ( Fig. 3C) . Moreover, this response to the GO-203/DOX combination was attenuated by the addition of Z-VAD-FMK ( Fig. 3D) .
In association with these results, activation of caspase-3 was moderately increased in the response of ZR-75-1 cells to the combination as compared with GO-203 or taxol alone ( Fig. 4A, left) . In addition, cleavage of caspase-7 was more pronounced with the GO-203/taxol combination as compared with that obtained with these agents alone (Fig. 4A, left) . Moreover, cleavage of PARP was greater with the GO-203/taxol combination ( Fig. 4A, right) . In studies with DOX treatment, cleavage of caspase-3 was observed in the GO-203-treated ZR-75-1 cells, but not as shown previously in the response to DOX, 18 and was found at a similar levels in the response to the GO-203/DOX combination ( Fig. 4B, left) . Nonetheless, activation of caspase-7 and cleavage of PARP were both increased with the GO-203/DOX combination compared with treatment with either agent alone (Fig. 4B, right and left) . These results indicate that combining GO-203 with taxol and DOX is more effective in inducing caspase activation and apoptosis in breast cancer cells.
( Fig. 1B) . By contrast to either agent alone, the combination of GO-203 and taxol was associated with a marked increase of 37% in the sub-G 1 population, consistent with an enhanced induction of apoptosis ( Fig. 1B) . Treatment of MCF-7 cells with GO-203 alone and DOX alone ( Table 1 ; IC 50 = 0.33 µM) was each associated with < 10% of cells in the sub-G 1 fraction (Fig. 1C) . However, the combination of GO-203 and DOX resulted in over 50% of apoptotic cells (Fig. 1C) . These results indicate that the apoptotic response to the combination of the MUC1-C inhibitor with taxol or DOX is more than additive compared with that obtained with these agents alone.
Activation of caspase-7 in response to treatment of MCF-7 cells with GO-203 in combination with taxol and DOX. MCF-7 cells are null for the effector caspase-3; consequently, we studied activation of caspase-7. Treatment with GO-203 alone was associated with a modest increase in the cleaved form of caspase-7 ( Fig. 2A, left) . Similar results were obtained in response to treatment with taxol alone ( Fig. 2A, left) . Moreover, the combination of GO-203 and taxol was associated with a greater increase in cleaved caspase-7 as compared with either agent alone ( Fig. 2A, left) . Consistent with these results, cleavage of the effector caspase target, PARP, was more pronounced with the GO-203/taxol combination than that found with each agent alone ( Fig. 2A, right) . Similar results were obtained when the MCF-7 cells were treated with GO-203 and DOX ( Fig. 2B) . Cleavage of both caspase-7 and PARP was greater with the GO-203/DOX combination than with GO-203 or DOX alone (Figs. 2B, left and right). These results indicate that the increased apoptotic response to the combination of GO-203 with taxol and DOX is mediated, at least in part, to activation of caspase-7.
Effects of combining GO-203 with taxol and DOX in the treatment of ZR-75-1 breast cancer cells. To extend the results obtained with MCF-7 cells, we similarly analyzed the effects of GO-203 and taxol on ZR-75-1 cells. Treatment with GO-203 alone for 72 h ( Table 1 ; IC 50 = 2.9 µM) was associated with an arrest of ZR-75-1 cells in G 1 phase and 29% in the sub-G 1 population (Fig. 3A) . Taxol treatment for 72 h ( Table 1 ; IC 50 = 85 nM) resulted in a predominant arrest of cells in G 2 /M phase and 23% in the sub-G 1 fraction (Fig. 3A) . In addition, treatment with the GO-203/taxol combination for 72 h increased the apoptotic response to 46% (Fig. 3A) . To extend this analysis, we found that treatment of ZR-75-1 cells with GO-203/taxol for 48 h in the presence of the pan-caspase inhibitor Z-VAD-FMK attenuated the apoptotic response (Fig. 3B) . Treatment of ZR-75-1 cells with GO-203 alone and DOX alone ( Table 1 ; IC 50 = 0.53 µM) was associated with 25% and 11% of cells in the cells (Fig. 5A) . Treatment with taxol alone was associated with the induction of predominantly apoptotic cells (Fig. 5A) . Moreover, the GO-203/taxol combination resulted in death that was predominantly late apoptotic/necrotic (Fig. 5A) . Similar results were obtained when ZR-75-1 cells were treated with GO-203/DOX (Fig. 5B) , indicating that combining GO-203 with these cytotoxic agents can potentiate both apoptosis and necrosis.
Evaluation of combining GO-203 with taxol and DOX by isobologram and combination index analyses. The studies reported above support a potential additive or synergistic interaction for GO-203 in combination with taxol and DOX. To more precisely define the level of that interaction, we used the Chou-Talalay method for drug combinations that is based on the median-effect equation. 19, 20 Studies were first performed to define the effects of GO-203 in combination with taxol in the treatment of MCF-7 cells. Using the half-maximal inhibitory concentrations ( Table 1) , GO-203 and taxol were tested alone for effects on MCF-7 cell growth at 1/8×, 1/4×, 1/2× 1× 2× and 4× the IC 50 and at equipotent concentrations at the same ratios in combination (Fig. 6A, left) . Isobologram analysis at the ED 50 , ED 75 and ED 90 values confirmed synergy of the GO-203/ taxol combination (Fig. 6A, right) with CIs < 1 ( Table 2 ). The MCF-7 cells were also treated with GO-203 alone, DOX alone and the GO-203/DOX combination (Fig. 6B, left) . Synergy of the combination was confirmed by isobologram analysis (Fig. 6B, right, Table 2 ).
Similar studies were performed in ZR-75-1 cells using GO-203 alone, taxol alone and the combination (Fig. 7A, left) . A synergistic interaction was confirmed by isobologram analysis (Fig. 7A, right) and demonstration of CIs that ranged from 0.73-0.80 ( Table 2) . Moreover, the GO-203/DOX combination in the treatment of ZR-75-1 cells was found to be highly synergistic with CI values of 0.34-0.59 (Fig. 7B, left and right and Table 2 ). These results support a synergistic interaction by combining GO-203 with taxol and DOX in the treatment of MCF-7 and ZR-75-1 cells.
Discussion

MUC1-C inhibition is effective in enhancing the cell death response to taxol and DOX.
The overexpression of MUC1, as found in human breast cancer cells, is sufficient to block the apoptotic response to oxidative stress, 21 hypoxia 22 and glucose deprivation. 23 Overexpression of MUC1 also blocks the Previous studies assessing the effects of treating MUC1+ carcinoma cells with MUC1-C inhibitors have largely focused on the induction of necrotic cell death. 12, 15, 16 To further define the response of ZR-75-1 cells to GO-203 in combination with taxol or DOX, we analyzed staining with propidium iodide (PI) and annexin V to assess both apoptosis and necrosis. Treatment of ZR-75-1 cells with GO-203 alone was associated with induction of necrotic (upper left quadrant), apoptotic (lower right quadrant) and late apoptotic/necrotic (upper right quadrant) induction of apoptosis in the response of cells to treatment with genotoxic drugs. 4, 5, 10, 17 These findings invoked the possibility that MUC1 inhibitors could be effective in combination with certain anticancer agents. Cellpenetrating peptides and small molecules have been identified that block dimerization and thereby function of the pro-survival MUC1-C subunit. [12] [13] [14] These MUC1-C inhibitors are effective in attenuating growth and inducing predominantly necrotic death of breast cancer cells. 12, 13 However, to date, MUC1-C inhibitors have not been studied for their potential to interact in a positive way with approved anticancer drugs. To examine this possibility, we selected taxol and DOX, both of which are widely used in the treatment of breast cancer. Taxol stabilizes microtubules and thereby disrupts microtubule-dependent structures that are required for mitosis. Treatment of breast cancer cells with the MUC1-C inhibitor, GO-203 and taxol was associated with an apoptotic response, as determined by cells with sub-G 1 DNA content, which was greater than that achieved with either agent alone. Similar results were obtained with DOX, an anthracycline that intercalates in DNA and induces strand breaks. In concert with these results, we found that (1) activation of the effector caspase-7 was increased to a greater extent with the GO-203/taxol and GO-203/DOX combinations than that observed with these agents alone, and (2) the apoptotic response is attenuated by a pan-caspase inhibitor. In concert with these results and the effects of GO-203 alone on necrotic cell death, 12, 15, 16 PI/ annexin V staining demonstrated that combining GO-203 with taxol and DOX increases a late apoptotic/necrotic response. These findings indicate that GO-203 may potentiate cell death by both apoptotic and necrotic mechanisms. GO-203 also induces death of lung and prostate cancer cells; 15, 16 thus, other studies will be needed to determine whether inhibiting MUC1-C in these cell types is effective in combination with anticancer agents.
Why would MUC1 play a role in blocking the death response to genotoxic anticancer agents? The MUC1 heterodimer functions in physically protecting the single-cell epithelial layer from various forms of stress. 1 Additionally, the MUC1-C subunit localizes to the nucleus of breast cancer cells, where it interacts with transcription factors, such as TCF7L2, and promotes growth and survival. 24, 25 MUC1-C also localizes to the mitochondrial outer membrane, where it blocks loss of the mitochondrial transmembrane potential and activation of the intrinsic apoptotic pathway. 10 The mechanistic basis for such an anti-apoptotic effect resides, at least in part, in direct binding of MUC1-C to the BH3 domain of the pro-apoptotic BAX protein. 26 The interaction Determination of combination indices. The indicated cells were exposed to 1:1 ratios of the respective IC 50 values of GO-203 (added every 24 h) in combination with taxol or DOX as described in the Materials and Methods. Cell viability was determined after treatment for 72 h using the alamar blue assay. Combination indices (CIs) were determined at the effective dose (eD) 50, 75 and 90 for each of the drugs using Calcusyn software.
between MUC1-C and BAX is induced in the response of breast cancer cells to genotoxic agents, such as DOX, and blocks BAX dimerization and BAX-mediated release of mitochondrial cytochrome c. 26 Notably, binding of MUC1-C to BAX is disrupted by GO-203 in vitro and in breast cancer cells. 26 Thus, treatment with GO-203 alone can promote an apoptotic response and conceivably potentiate that induced by genotoxic agents. 26 Indeed, the present results show that inhibition of MUC1-C is highly synergistic with taxol and DOX. These observations are supported by the demonstration that the treatment with the GO-203/taxol combination is associated with CIs of less than 1. Similar effects were found with the GO-203/DOX combination, indicating that targeting the MUC1-C subunit may enhance the therapeutic index of taxol or DOX. Such findings may also be applicable to other classes of anticancer agents.
In that sense, MUC1-C protects against the apoptotic response to the (1) alkylating agent, cisplatin, (2) topoisomerase inhibitor, etoposide, (3) anti-metabolite, cytosine arabinoside and (4) microtubule-disrupting agent, vinblastine. 4, 5, 10, 17 Thus, blocking MUC1-C function may as well be additive or synergistic with these agents by potentiating the apoptotic or necrotic death response. Table 2 .
GO-203 is presently under Phase I study in patients with refractory solid tumors. With establishment of the maximum tolerated GO-203 dose, the present findings provide support for evaluating GO-203 in combination with taxol and DOX for the treatment of patients with breast cancer.
Materials and Methods
Cell culture. Human MCF-7 and ZR-75-1 breast cancer cells were obtained from the American Type Culture Collection (ATCC) and passaged for less than 6 mo with replacement from early passage frozen stocks. No further authentication was performed. MCF-7 cells were grown in DMEM medium supplemented with 10% heated-inactivated FBS (HyClone), 100 units/ml penicillin, 100 g/ml streptomycin. ZR-75-1 cells were cultured in ATCC RPMI 1640 medium containing 10% FBS and antibiotics. Cells were treated with GO-203 (AnaSpec; dissolved in PBS), taxol (Sigma-Aldrich), doxorubicin (DOX) (Sigma-Aldrich) and Z-VAD-FMK (BioVision). Analysis of cell cycle distribution and death. Cells were fixed with 70% ethanol and incubated in PBS containing RNase (Roche Diagnostics) and propidium iodide (PI; Sigma-Aldrich) as described. 12 Cell cycle distribution and sub-G 1 DNA content were determined by flow cytometry. Cells were also incubated with PI/annexin V-FITC (Invitrogen) for 15 min and then analyzed by flow cytometry.
Immunoblot analysis. Cell lysates were prepared as described. 12 Soluble cytosolic proteins were immunoblotted with anti-caspase-7, anti-caspase-3 (Cell Signaling Technology) and anti-actin (Sigma-Aldrich). Soluble whole-cell proteins were immunoblotted with anti-poly-ADP ribose polymerase (PARP; Cell Signaling Technology) and anti-actin. Reactivity was detected with horseradish peroxidase-conjugated secondary antibodies and chemiluminescence (Perkin-Elmer Life Sciences).
Determination of IC 50 and synergism. Cells were seeded on 96-well plates in 100 µl of growth medium at a density of 4,000 cells per well. After 24 h, cells were exposed to drugs in treatment medium. GO-203 was added every 24 h. After incubation for 72 h, cell viability was assessed using the alamar blue viability assay (Invitrogen). The percentage of viable cells was normalized to medium background. Triplicate wells of each treatment were analyzed and each experiment was done three times. The Table 2. IC 50 for each treatment for each cell line was determined by nonlinear regression of the dose-response data using Prism 5.0 for Mac OSX (GraphPad Software). The presence or absence of synergism between GO-203 and taxol or DOX was determined using CalcuSyn software (Biosoft). Briefly, MCF-7 and ZR-75-1 cells were exposed to 1:1 ratios of the respective IC 50 values for GO-203 and taxol or DOX at 1/4× IC 50 , 1/2× IC 50 , IC 50 , 2× IC 50 and 4× IC 50 . The combination index (CI) was calculated to determine the presence of synergism of CI (CI < 1) or antagonism.
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